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ABSTRACT
The Smallest Scale of Hierarchy (SSH) survey is an ongoing strategic large program
at the Large Binocular Telescope, aimed at the detection of faint stellar streams and
satellites around 45 late-type dwarf galaxies located in the Local Universe within '10
Mpc. SSH exploits the wide-field, deep photometry provided by the Large Binocular
Cameras in the two wide filters g and r. This paper describes the survey, its goals,
and the observational and data reduction strategies. We present preliminary scientific
results for five representative cases (UGC 12613, NGC 2366, UGC 685, NGC 5477
and UGC 4426) covering the whole distance range spanned by the SSH targets. We
reach a surface brightness limit as faint as µ(r) ∼ 31 mag arcsec−2 both for targets
closer than 4−5 Mpc, which are resolved into individual stars, and for more distant
targets through the diffuse light. Our analysis reveals the presence of extended low
surface brightness stellar envelopes around the dwarfs, reaching farther out than what
traced by the integrated light, and as far out as, or even beyond, the observed H I
disk. Stellar streams, arcs, and peculiar features are detected in some cases, indicating
possible perturbation, accretion, or merging events. We also report on the discovery of
an extreme case of Ultra Diffuse Galaxy (µg(0) = 27.9 mag/arcsec
2) in the background
of one of our targets, to illustrate the power of the survey in revealing extremely low
surface brightness systems.
Key words: galaxies: dwarf – galaxies: formation – galaxies: interactions – galax-
ies: irregular – galaxies: individuals: UGC 12613, NGC 2366, UGC 685, NGC 5477,
UGC 4426 – galaxies: stellar content.
1 INTRODUCTION
In the Λ Cold Dark Matter (ΛCDM) cosmological sce-
nario (Peebles et al. 1982), galaxies are assembled over time
through the accretion of smaller systems (White 1978). In
fact, there is ample observational evidence of interaction of
satellites with the massive galaxies they are orbiting around,
such as the Milky Way, Andromeda, spirals and giant ellip-
ticals in the Local Volume (e.g., Belokurov et al. 2006; Ibata
et al. 2001; McConnachie et al. 2009; Martinez-Delgado et
al. 2010; Crnojevic´ et al. 2016). Actually, numerical models
predict that isolated dark halos and sub-halos contain sub-
? E-mail: francesca.annibali@inaf.it
structures down to the lowest resolution limit of the simula-
tions (Diemand et al. 2008; Wheeler et al. 2015). Hence, not
only massive galaxies, but also low-mass ones are predicted
to show observational evidence of satellite accretions. A few
recent discoveries have indeed revealed the existence of satel-
lites around dwarf galaxies, but their sample is still limited
(e.g., Rich et al. 2012; Mart´ınez-Delgado et al. 2012; Sand
et al. 2015; Belokurov & Koposov 2016; Amorisco, Evans &
van de Ven 2014; Annibali et al. 2016; Makarova et al. 2018).
Systematic searches for dwarf galaxy satellites are therefore
important to observationally test the self-similarity of the
hierarchical formation process at all scales.
So far, the most detailed searches for dwarfs’ com-
panions have concentrated on the satellites of the Milky
c© 2018 The Authors
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Way (MW) and, to a lesser extent, of M31. Since these
are predominantly of early morphological type, because of
the morphology-distance relation (Dressler 1980; Binggeli,
Tamman, & Sandage 1987), the vast majority of late-type
dwarfs in the Local Universe have not been searched for
small companions with deep wide-field imaging observations
yet. The notable exceptions are of course the Magellanic
Clouds, for which the Gaia satellite has recently allowed to
measure precise proper motions and to confirm the existence
of at least 4 sub-satellites (Kallivayalil et al. 2019). However,
late-type dwarfs are particularly interesting to search for the
presence of stellar streams or companions, because of the
possible connection between accretion events and star for-
mation activity. Recent studies have shown that disturbed
H I kinematics, H I companions, and filamentary H I struc-
tures are more common in starburst dwarfs than in typical
star-forming irregulars (Lelli et al. 2014). Understanding the
origin of starbursts in dwarf galaxies is important for several
reasons: these systems are currently the primary candidate
source for cosmic reionization at z > 6 (Atek et al. 2014)
and, due to their shallow potential well, they are the best
systems to study galactic winds and feedback from massive
stars.
There are two ongoing surveys that can significantly im-
prove the census of dwarf galaxy companions in the Local
Volume (but see also Stierwalt et al. 2015, for a survey of
dwarf galaxy pairs at 0.005 < z < 0.07). One is the Solitary
Local dwarfs survey (Solo), a wide-field photometric study
targeting all the 42 isolated dwarf galaxies within 3 Mpc of
the MW and beyond the nominal virial radius of MW and
M31 (Higgs et al. 2016). Solo is based on multiband imaging
from the Canada-France-Hawaii Telescope/MegaCam for
northern targets, and the Magellan/Megacam for southern
targets. The survey includes both irregular and spheroidal
dwarfs, with a prevalence of late-type systems over early-
type ones. The other survey is the Magellanic Analog Dwarf
Companions And Stellar Halos (MADCASH), designed to
use resolved stars to map the virial volumes of dwarf spi-
ral galaxies within . 4 Mpc and with stellar masses of
1–7 × 109M (Carlin et al. 2016). MADCASH is based on
Subaru/Hyper Suprime-Cam wide-field imaging.
In this paper we introduce a new survey aimed pre-
cisely at searching satellites of (and signs of accretion events
around) late-type dwarfs at the smallest mass scale: the
Smallest Scale of Hierarchy (SSH) survey. SSH is currently
in execution at the Large Binocular Telescope (LBT). LBT,
with the resolving power of its two primary mirrors of 8.4 m
diameter each (i.e. a combined collecting area correspond-
ing to that of a single 11.9 m mirror) and the large field of
view (23′×23′) of its Large Binocular Cameras (LBC) offers
the optimal observational set-up to study the outskirts of
late-type dwarfs in the Local Universe. With these data we
plan to characterise the frequency and properties of streams
and substructures around late-type dwarfs as a function of
galaxy mass and environment, and to study the impact of
accretion/merging phenomena on the system’s star forma-
tion activity.
SSH will observe 45 late-type dwarfs at distances be-
tween ∼1 and ∼10 Mpc in the g and r photometric bands
(sampling 7−70 kpc auround the target), thus significantly
extending the volume covered by the other two surveys.
Only a few SSH targets, with distances .3 Mpc, overlap
with Solo: UGC 8091, UGC 9240, UGC 12613, UGC 6817,
UGCA 276, NGC 4163 and UGC 7577. Moreover, the SSH
dwarfs have luminosities/masses in most cases lower than
those sampled by MADCASH, and there is only one galaxy,
namely NGC 4214, in common between the two samples. In
conclusion, there is only marginal overlap of our survey with
Solo or MADCASH.
Before embarking in such a long-term project, we tested
its feasibility with a pilot study searching for streams or
companions around DDO 68, a small star-forming dwarf
(∼ 108M in stars, Sacchi et al. 2016), extremely metal-poor
(∼1/40 Z, Izotov & Thuan 2009; Annibali et al. 2019a),
located in the huge Lynx-Cancer void at ∼12.7 Mpc (Sacchi
et al. 2016). Our LBT study revealed a few previously un-
detected, faint (µr ∼ 29 mag arcsec−2) stellar substructures
around the main body (Annibali et al. 2016) of DDO 68, one
of them later studied in more detail with HST photometry
and confirmed to be actually connected to DDO 68 (Anni-
bali et al. 2019b). This photometry, combined with N-body
simulations, showed that DDO 68 is experiencing a merging
with a ten times lighter companion, and is also accreting
an even smaller system, 100 times lighter. This provides in-
disputable observational evidence of the hierarchical merg-
ing process in action at very low galactic mass scales. It
also demonstrates the excellent performances of LBT in the
search of substructures around dwarfs.
As suggested by the case of DDO 68, dwarfs at the
outskirts of groups, or in isolation, are likely the best can-
didates where to search for the presence of ”sub-satellites”.
Cosmological simulations show that, once a group of dwarfs
with their satellites falls into a massive host, like the MW,
it is eventually disassembled by tidal forces wiping out evi-
dence of coherent structure (Deason et al. 2015). Therefore
it is natural to expect satellites of satellites residing in lower
density environments to survive longer than those residing
close to massive hosts (e.g., Bellazzini et al. 2013).
The paper is structured as follows. Section 2 gives a
general overview of the survey, its goals and observational
strategy. The sample of galaxies is described in Section 3,
the image acquisition in Section 4, and the image reduction
in Section 5. Section 6 describes the photometric reduc-
tion, while we present color-magnitude diagrams (CMDs)
and star count density maps for five representative galaxies
in Sections 7 and 8, respectively. The derivation of surface
brightness profiles is described in Section 9. We discuss our
results in Section 10 and present a summary in Section 11.
2 THE LBT SSH SURVEY
SSH is an Italian strategic1 long-term program (PI F. An-
nibali) in execution at LBT since the end of 2016. As men-
tioned above, the main goals of SSH are: i) characterizing
the frequency and properties of streams and substructures
around late-type dwarfs as a function of galaxy mass and
environment, and ii) linking the accretion/merging events
1 Strategic programs are long-term programs with the highest
priority meant to increase the impact of LBT in the astronomi-
cal community at large by leading to significant advances in key
scientific topic, highlighting the capabilities of the LBT unique
instruments.
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with the galaxy star formation history (SFH) derived from
deep CMDs obtained with Hubble Space Telescope (HST)
photometry. These two long-term goals require the study of
a conspicuous sample in order to provide statistically signif-
icant results, and thus will be reached only after completion
of our program. However, as with our pilot study of DDO 68,
successful detection of sub-structures in individual targets
may provide by itself very interesting results.
The target galaxies, located up to a distance of ∼10
Mpc, cover a wide range of density environments, from very
isolated galaxies to group members, and a wide range in lu-
minosity, from ∼ twice as luminous as the LMC, to 5 mag-
nitude dimmer.
Our strategy is to search for faint substructures on
g- and r- images obtained with LBC 1 h binocular expo-
sures, using stellar counts for targets closer than ∼ 4−5
Mpc (the exact distance depending on the seeing and on
the galaxy crowding), reaching a surface brightness limit as
faint as µr ∼ 31 mag arcsec−2 (see Section 9 of this paper
and the study of Centaurus A by Crnojevic´ et al. 2016),
and relying on the integrated light for more distant targets,
reaching a similar surface brightness limit (see Section 9.1).
Observations in two bands are necessary to construct, for
the nearest galaxies, CMDs that can allow to separate red
giant branch (RGB) stars from background contaminants.
For all the galaxies, g and r photometry will be used to
constrain the age, the metallicity, and the stellar mass of
the detected substructures. Candidate companions or sub-
structures detected around targets more distant than 4−5
Mpc will need further follow-up observations (spectroscopy
and/or high spatial resolution imaging) to constrain their
distance and confirm their physical association with the host
galaxies (see e.g. Annibali et al. 2016, 2019b, for the case of
DDO 68).
Finally, we will run N-body simulations to reconstruct
the system’s interaction history. The simulations will con-
strain the mass and structural and orbital parameters of
the accreting satellites, as well as the timescales of the in-
teraction.
SSH will also allow us to investigate the hypothesis that
strong starbursts in dwarf galaxies are triggered by interac-
tion/accretion events. For instance, in the case of DDO 68,
a significant increase in the star formation activity occurred
∼100 Myr ago, compatible with the encounter timescale pre-
dicted by our N-body simulations. Is there always a temporal
correspondence between periods of enhanced star formation
activity and a close encounter, as derived from N-body sim-
ulations? To try to answer this question, we will homoge-
neously re-analyse archival HST data of our sample targets
and use our code (Cignoni et al. 2015) to infer the SFH from
their CMDs. Then we will look for possible relationships be-
tween the star formation activity and the galaxy accretion
history.
3 THE SAMPLE
The targets for the SSH survey were selected from the Up-
dated Nearby Galaxy Catalog by Karachentsev et al. (2013),
hereafter K13, which consists of ∼900 nearby galaxies hav-
ing individual distance estimates within ∼11 Mpc. The K13
catalog collects several observables for each galaxy, including
the angular diameter, the apparent magnitudes in different
bands (far-UV, B, and Ks), the Hα and H I fluxes, the mor-
phological type T as defined by de Vaucouleurs et al. (1991),
the radial velocity and the distance from one or more meth-
ods (e.g., TRGB, Cepheids, surface brightness fluctuations,
Tully-Fisher and Fundamental Plane relations). The cata-
log also provides different indices that characterize the local
environment, such as the “tidal” indices θ1, θ5, on which
we will come back later. Starting from the K13 catalog, the
SSH targets were selected according to the following crite-
ria: i) galaxies located in the northern hemisphere; ii) with
distance determination from the TRGB; iii) with foreground
extinction AV < 0.5; iv) with morphological type T>6 (late
spirals and irregulars); v) with absolute magnitudes in the
range −18 < MB < −11; vi) with apparent major diameter
in the range 1-15 arcmin; vii) with HST photometry avail-
able in the archive. These selection criteria resulted into a
sample of 58 galaxies (irregulars, blue compact dwarfs and
spiral dwarfs), from which we selected a smaller sub-sample
of 45 galaxies uniformly distributed in right ascension to be
observed with the LBT. Among the 13 galaxies not observed
by SSH are objects already studied in the literature through
deep, optical wide-field imaging, such as, e.g. NGC 4449
(Mart´ınez-Delgado et al. 2012), Sextans B (Bellazzini et al.
2014), KDG 61 and NGC 3077 (Okamoto et al. 2015).
The adopted selection criteria are driven by the need
to construct a sample large enough to allow for sufficient
statistics in the search of rare, faint signatures of accretion
events, and to permit a statistical characterization of the
hierarchical formation process over a wide range of galaxy
masses and local environments. At the same time it is nec-
essary to select targets for which the LBC, with a field of
view of ∼23′×23′, is most efficient in revealing the pres-
ence of nearby companions and substructures: we translated
this into the requirement of a maximum angular diameter
of ∼15′, to allow the entire galaxy and a significant por-
tion of its surroundings to be imaged with one single LBC
pointing, and a minimum angular diameter of ∼1′, below
which even the small HST field of view can accomplish the
goal. Ancillary HST data for all the galaxies included in
the sample are needed to get deep and accurate photometry
of the resolved stars that allow to infer high-quality SFHs;
this requirement is driven by our goal to study the connec-
tion between accretion phenomena and starbursts in dwarf
galaxies, as described in Section 2. For the same reason,
we restricted our sample to late-type systems, for which it
is possible to reconstruct the recent SFH in great details.
Our morphological selection naturally implies a bias toward
low-density environments since, according to the well-known
morphology-density relation (Dressler 1980; Binggeli, Tam-
man, & Sandage 1987; Binggeli, Tarenghi, & Sandage 1990),
early-type dwarfs are typically located in the proximity of
massive hosts while late-type dwarfs preferentially reside at
the outskirts of galaxy groups; however, we found that the
selected galaxies span a wide variety of environments, as
quantified by the θ1 and θ5 tidal indices introduced by K13.
More specifically, θ1 is defined as
θ1 = log(MMD/D
3
MD) + C (1)
where MMD and DMD are, respectively, the mass and the
distance of the “main disturber” (MD) galaxy (i.e. the one
inducing the highest tidal force F ∼ M/D3), and C is a
MNRAS 000, 1–?? (2018)
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Table 1. The SSH Sample.
Name Other Name R.A.(J2000) Dec.(J2000) a26 Distance a26 MB T AV θ1 MD θ5
[hh:mm:ss] [dd:mm:ss] [arcmin] [Mpc] [kpc] [mag] [mag]
UGC 685 01:07:22.4 +16:41:02 1.2 4.70 1.6 -14.3 9 0.157 -1.4 NGC 0253 -1.1
UGC 1249 IC 1727 01:47:29.9 +27:20:00 8.0 7.45 17.3 -18.1 8 0.217 4.0 NGC 0672 4.0
UGC 1281 01:49:32.0 +32:35:23 4.7 5.13 7.0 -16.7 7 0.130 -1.1 NGC 0784 -0.9
KK 16 AGC 111977 01:55:20.6 +27:57:15 1.0 4.7 1.4 -12.1 10 0.187 -1.5 NGC 0784 -1.1
KK 17 AGC 111164 02:00:09.9 +28:49:57 1.0 4.7 1.4 -11.2 10 0.146 1.1 NGC 0784 1.1
NGC 784 UGC 1501 02:01:17.0 +28:50:15 6.6 4.94 9.5 -16.1 7 0.162 -1.1 NGC 0784 -0.9
KKH 37 06:47:45.8 +80:07:26 1.2 3.39 1.2 -11.6 10 0.204 0.0 M 81 0.3
UGC 3755 07:13:51.6 +10:31:19 1.8 6.66 3.5 -15.9 10 0.242 -2.2 NGC 2683 -1.7
NGC 2366 UGC 3851 07:28:54.6 +69:12:57 7.3 3.19 6.8 -16.2 10 0.100 1.0 NGC 2403 1.1
UGC 3974 DDO 47 07:41:55.4 +16:48:09 5.0 8.02 11.7 -16.0 8 0.091 1.0 KK 65 1.0
KK 65 07:42:31.2 +16:33:40 1.1 8.02 2.6 -14.3 10 0.085 1.6 UGC 3974 1.6
UGC 4305 Holmberg II 08:19:04.0 +70:43:09 7.9 3.39 7.8 -16.7 9 0.116 0.7 M 81 1.0
UGC 4426 DDO 52 08:28:28.4 +41:51:24 2.0 10.28 6.0 -15.2 10 0.099 -1.2 NGC 2841 -0.9
UGC 4459 DDO 53 08:34:07.2 +66:10:54 1.5 3.56 1.5 -13.1 10 0.103 0.8 M 81 1.0
UGC 5139 Holmberg I 09:40:32.3 +71:10:56 3.6 3.84 4.0 -13.9 10 0.138 1.7 M 81 1.8
NGC 2976 UGC 5221 09:47:15.3 +67:55:00 5.9 3.56 6.1 -16.7 7 0.195 2.9 M 81 3.0
UGC 5456 10:07:19.6 +10:21:46 1.6 3.80 1.8 -14.3 9 0.110 -1.9 NGC 2903 -1.3
UGC 5666 IC 2574 10:28:21.2 +68:24:43 13.2 4.02 15.4 -17.3 8 0.099 1.0 M 81 1.2
UGC 6456 11:27:59.9 +78:59:24 1.6 4.3 2.0 -13.7 10 0.102 -0.1 M 81 0.1
UGC 6541 Mrk 178 11:33:28.9 +49:14:14 1.2 3.89 1.3 -13.6 11 0.052 -0.6 M 81 -0.2
NGC 3738 UGC 6565 11:35:48.8 +54:31:26 2.5 4.90 3.6 -16.5 10 0.028 -0.8 M81 -0.4
NGC 3741 UGC 6572 11:36:06.2 +45:17:01 2.0 3.19 1.8 -13.1 10 0.067 -0.7 M 81 -0.4
UGC 6817 DDO 99 11:50:53.0 +38:52:49 4.1 2.64 3.1 -13.6 10 0.072 -0.8 NGC 4214 -0.4
NGC 4068 IC 757 12:04:00.8 +52:35:18 3.3 4.31 4.1 -15.2 9 0.059 -0.5 NGC 4736 -0.1
NGC 4163 UGC 7199 12:12:09.1 +36:10:09 1.8 2.96 1.5 -13.6 9 0.055 2.3 NGC 4214 2.3
UGCA 276 DDO 113 12:14:57.9 +36:13:08 1.5 3.18 1.4 -11.8 10 0.054 1.3 NGC 4214 1.5
NGC 4214 UGC 7278 12:15:38.9 +36:19:40 8.5 2.92 7.2 -17.1 8 0.072 1.2 NGC 4163 1.2
UGC 7408 DDO 120 12:21:15.0 +45:48:41 2.7 6.99 5.5 -16.0 9 0.032 0.3 NGC 4258 0.5
NGC 4395 UGC 7524 12:25:48.9 +33:32:48 13.2 4.61 17.7 -17.7 8 0.047 0.1 NGC 4736 0.3
UGC 7577 DDO 125 12:27:40.9 +43:29:44 4.3 2.74 3.4 -14.4 9 0.067 -0.8 NGC 4214 -0.4
UGC 7605 12:28:38.7 +35:43:03 1.1 4.43 1.4 -13.5 10 0.040 0.4 NGC 4244 0.8
NGC 4605 UGC 7831 12:40:00.3 +61:36:29 5.8 5.47 9.2 -17.8 8 0.039 -1.1 M 81 -0.6
UGC 7866 IC 3687 12:42:15.1 +38:30:12 3.4 4.57 4.5 -14.6 10 0.055 1.4 NGC 4736 1.4
UGC 8091 DDO 155 12:58:40.4 +14:13:03 1.1 2.13 0.7 -12.0 10 0.071 -1.4 MW -0.8
UGC 8320 DDO 168 13:14:27.9 +45:55:09 3.6 4.33 4.5 -15.1 10 0.042 0.3 NGC 4736 0.4
NGC 5204 UGC 8490 13:29:36.2 +58:25:06 5.0 4.65 6.8 -16.6 8 0.034 -0.9 NGC 4736 -0.4
NGC 5238 UGC 8565 13:34:42.5 +51:36:49 2.0 4.21 2.4 -14.3 10 0.027 -0.4 NGC 4736 -0.2
UGC 8638 13:39:19.4 +24:46:32 1.2 4.27 1.5 -13.1 10 0.036 -0.2 NGC 4826 -0.1
UGC 8651 DDO 181 13:39:53.8 +40:44:21 2.3 3.02 2.0 -13.0 10 0.017 -1.1 NGC 4736 -0.6
UGC 8760 DDO 183 13:50:50.6 +38:01:09 2.2 3.24 2.1 -13.1 10 0.045 -1.0 NGC 4736 -0.6
NGC 5477 UGC 9018 14:05:33.3 +54:27:4 1.9 6.76 3.7 -15.0 9 0.030 1.4 M 101 1.4
UGC 9240 DDO 190 14:24:43.4 +44:31:33 1.8 2.80 1.5 -13.9 9 0.034 -1.2 M 81 -0.7
NGC 6503 UGC 11012 17:49:27.1 +70:08:40 7.1 5.27 10.9 -17.8 6 0.088 -1.1 NGC 6946 -0.8
NGC 6789 UGC 11425 19:16:42.1 +63:58:17 1.80 3.0 1.6 -14.3 9 0.183 -1.3 M 81 -0.8
UGC 12613 Pegasus Dw 23:28:36.2 +14:44:35 5.0 0.97 1.1 -12.1 10 0.187 0.9 M 31 1.0
Columns (1) and(2): galaxy name; Col. (3) and (4): equatorial coordinates for the epoch J2000; Col. (5): from K13, major angular diameter
in arcminutes, corresponding to the Holmberg isophote (∼26.5 mag/arcsec2) in the B band; Col. (6): distance in Mpc; references to the
distance estimates can be found in K13; Col (7): linear major diameter in kpc, computed from the angular diameters in Col(5) and the
distances in Col(6); Col (8): absolute magnitude of the galaxy in the B band, computed adopting the apparent B magnitudes in K13 and
the distances in Col. (6); Col (9): morphological type according to the classification of de Vaucouleurs et al. (1991); Col (10): Galactic
extinction in the V band according to Schlafly & Finkbeiner (2011); Col (10): tidal index θ1, as defined in K13 and Eq. (1) of this paper;
Col (11): main disturber galaxy; Col (13): tidal index θ5, as defined in K13 and Eq. (2) of this paper.
constant chosen to give θ1 = 0 for a galaxy located on the
“zero velocity sphere” relative to the MD. In practice, galax-
ies with θ1 > 0 are members of a group, while galaxies with
θ1 < 0 can be considered isolated.
In order to account for the circumstance that θ1 can
significantly change with time due to the orbital motion of
galaxies, Karachentsev et al. (2013) also introduced the θ5
index, defined as the sum of the tidal forces produced by the
five most important neighbors:
θ5 = log
(
5∑
n=1
Mn/D
3
n
)
+ C, (2)
which provides a more robust characterization of the tidal
forces experienced by a galaxy over its lifetime.
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Figure 1. Properties of the 45 galaxies in the SSH sample. Dis-
tributions of a): galaxy absolute B magnitudes; b): galaxy major
diameters in kpc c): galaxy distances in Mpc; d): galaxy mor-
phological types; e) and f): tidal indices θ1 and θ5, as defined
by Karachentsev et al. (2013) (see Section 3 for details); galaxies
with θ1 >0 are members of a certain group, while galaxies with
θ1 <0 can be considered “isolated”.
The final list of 45 galaxies in the SSH sample and their
principal characteristics are presented in Table 1. For each
galaxy we provide the coordinates, the angular and linear
major diameters, the distance derived from the TRGB, the
absolute B magnitude, the morphological type T, the galac-
tic extinction AV , the two tidal indices θ1 and θ5, and the
name of the main perturber galaxy.
The properties of the sample in terms of absolute mag-
nitude, linear size, distance, morphological type, and envi-
ronment are presented in Figure 1. All the magnitude bins
in the range −18 < MB < −11 are well populated [panel a)
of Fig. 1], with the brightest galaxies reaching ∼twice the
luminosity of the LMC. The galaxy major diameters are in
the range ∼1-18 kpc, with a peak in the distribution at ∼1
kpc. The majority of the SSH galaxies are located between
∼2 and ∼6 Mpc, with only one target as close as ∼1 Mpc
and one as far as ∼10 Mpc (panel c). By construction, the
morphological type T is >6 (late spirals and irregulars), with
a predominance of T=10 (Irr/Im) types. Finally, panels e)
and f) show the distribution of the two tidal indices θ1 and
θ5 defined by Karachentsev et al. (2013) (see Equations (1)
and (2)) describing the environment density. By definition,
the indices increase with the “stellar density contrast” (ei-
ther produced by the main disturber, as in the case of θ1,
or due to the five most important neighbors, as in the case
of θ5). The galaxies in the SSH sample span tidal indices
in the range −2 . θ . 2, meaning that both galaxies at
the center of groups and galaxies in isolation are present. At
the two extremes we find UGC 1249 (θ1 = θ5 = 4.0), which
forms a group together with the spiral galaxy NGC 672 and
other dwarfs, and the galaxy UGC 3755 (θ1 = −2.2 and
θ5 = −1.7), which resides in the Lynx-Cancer Void. The ma-
jority of galaxies in the SSH sample belong to, or are in the
vicinity of, known groups or associations; more specifically,
there are five SSH targets (UGC 1249, UGC 1281, KK 16,
KK 17, and NGC 784) in the NGC 672/NGC 784 group
(Karachentsev et al. 2004; McQuinn et al. 2014), thirteen
(KKH 37, NGC 2366, UGC 4305, UGC 4459, UGC 5139,
NGC 2976, UGC 5666, UGC 6456, UGC 6541, NGC 3738,
NGC 3741, NGC 4605, UGC 9240) in the M81 group (e.g.
Chiboucas et al. 2013), two (UGC 3974, KK 65) in the
UGC 3974 association (Tully et al. 2006) and fourteen
(NGC 4068, UGC 6817, NGC 4163, UGCA 276, NGC 4214,
NGC 4395, UGC 7577, UGC 7605, UGC 7866, UGC 8320,
NGC 5204, NGC 5238, UGC 8651, UGC 8760) in the Canes
Venatici I Cloud (CVn I; Makarov et al. 2013). The spa-
tial distribution of galaxies within these groups is shown in
Fig. 2. Galaxies with large positive values of θ1 or θ5 are
found toward the center of the groups, while galaxies with
highly negative θ values are peripheral. In addition, our sam-
ple comprises the Pegasus Dwarf (UGC 12613), which is a
satellite of M 31; NGC 5477, associated to the M 101 spiral
galaxy; and UGC 7408 in the CVn II cloud. The remaining
eight galaxies (UGC 685, UGC 3755, UGC 4426, UGC 8091,
UGC 5456, NGC 6503, NGC 8638, NGC 6789) are fairly iso-
lated.
4 OBSERVATIONS
We were approved a two-year Strategic Program (PI F. An-
nibali) for the LBT Italian Cycle 2016−2017 to observe the
45 dwarf galaxies listed in Table 1. Due to technical and
environmental2 issues, only 25 of our targets were actually
completed during the first two years; we were then approved
a carry-over of our program for the years 2018-2019. As of
September 2019, data acquisition for 40 targets has been
completed.
The SSH targets were observed with the wide-field
(23′ × 23′) Large Binocular Cameras, in binocular mode,
in the SDSS g and r passbands. The g and r images were
obtained with the LBC-Blue and LBC-Red camera, respec-
tively. The optics of each LBC feed a mosaic of four 4608 px
× 2048 px CCDs, with a pixel scale of 0.225 arcsec px−1.
Each CCD chip covers a field of 17.3′× 7.7′. Chips 1, 2, and
3 flank one another, being adjacent along their long sides;
chip 4 is placed transversely to this array, with its long side
adjacent to the short sides of the other chips (see Giallongo
et al. 2008).
For each target, the total exposure time of 1 hr in each
band was organized into 3 visits of 150 s × 8 dithered ex-
posures or into 3 visits of 240 s × 5 dithered exposures,
with the shorter exposure configuration preferred in pres-
ence of bright foreground stars contaminating the field. A
variable pointing offset between the visits, depending on the
angular size of the target galaxy, was implemented to make
the galaxy light fall into different regions of the LBC chips,
allowing for an optimal flat-field correction.
We requested a seeing .0.8′′for targets at distances
2 Including the huge fire that burnt Mount Graham in June 2017
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Figure 2. Spatial distribution of galaxies in the SSH sample belonging to known groups or associations: specifically, to the
NGC 672/NGC 784 group (Karachentsev et al. 2004; McQuinn et al. 2014), to the M81 group (e.g. Chiboucas et al. 2013), to the
UGC 3974 association (Tully et al. 2006) and to the Canes Venatici I Cloud (Makarov et al. 2013). Symbol sizes are proportional to the
galaxy brightness. Full red circles denote galaxies belonging to the SSH survey.
D.4 Mpc, and a seeing .1.2′′for targets at larger distances.
This difference reflects the distinct approaches (resolved star
counts versus integrated light) selected for our search of faint
companions, sub-structures, and stellar streams around the
SSH dwarfs depending on their distances. More specifically,
a seeing better than ∼0.8′′is needed to resolve individual
stars down to ∼1 mag below the TRGB in galaxies within
D∼4−5 Mpc (depending also on the crowding). At larger
distances, on the other hand, resolving individual RGB stars
is no longer feasible from the ground in seeing limited mode,
even in the least-crowded galaxy outskirts; therefore, we re-
laxed our constraint on the seeing, but required dark moon
observation, in order to keep the background low and be
able to detect integrated-light overdensities in the g and r
images.
For each galaxy, the 1 hr total exposure time per band
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is dictated by the need to measure stars down to ∼1 mag
below the TRGB at D=4 Mpc with a signal-to-noise ∼> 5
in both g and r. At 4 Mpc, the TRGB tip is expected at
r'25.3, g−r'1 (for metal-poor populations), therefore we
need to reach stars with r ' 26.3, g' 27.3. The same ex-
posure time was adopted also for targets closer than 4 Mpc
in order to reach the same uniform apparent depth for all
the sample. The impact of crowding is mitigated by the fact
that we are mainly interested in resolving stars in the very
low surface brightness external galaxy regions. The same 1
hr exposure time was also adopted for the un-resolved part
of the sample at D>4 Mpc, since previous studies with the
LBT (e.g. Annibali et al. 2016) have shown that this is suf-
ficient to reveal integrated-light sub-structures as faint as
µr ∼ 29 mag/arcsec2 (or better, see Sect. 9.1).
The choice of the g and r bands provides the best com-
promise to: a) be able to reach old (>1-2 Gyr) RGB stars,
b) minimize, as far as possible, the contribution from the
sky background, which becomes particularly important at
wavelengths longer than the r band, and c) calibrate the
LBT photometry through g and r catalogs available from
the Sloan Digital Sky Survey and/or PS1. Short 60 sec × 4
exposures in g and r were also obtained to get un-saturated
photometry of bright foreground stars to be used to anchor
the photometry to the SDSS system.
5 IMAGE REDUCTION
Image reduction and creation of the final g and r stacked mo-
saics were performed using a specific pipeline developed at
INAF-OAR. The main steps of the procedure are described
below.
5.1 Pre-reduction
First, the raw LBC images were pre-reduced removing a
master-bias and applying a master-flat to normalize the re-
sponse of each image pixel. The master-bias was obtained
from the median stack of a set of bias frames. The master-
flat is the stack of a set of twilight sky-flats acquired with
the same observational setup of the science images, to which
the bias was previously subtracted; furthermore, each indi-
vidual flat was normalized to its own median background
level, so that the final stacked master-flat is normalized to
unity. During pre-reduction, several image artifacts, such as
saturated and hot/cold pixels, cosmic rays (quite frequent),
and trails from orbiting satellites (rare) were also masked
out.
5.2 Background Subtraction
Typically, after pre-reduction, the images are still far from
being “flat”, and both small- and large-scale structures, such
as pupil ghosts, dust, and sky-background variation dur-
ing the observations, may still be present in the images. To
cope with this, background maps were subtracted to the pre-
reduced images. The SExtractor package (Bertin & Arnouts
1996) allows to construct background maps using a com-
bination of k-σ-clipping and mode estimation to evaluate
the local background in each mesh of a grid that covers the
whole frame, and then performing an interpolation between
the grid meshes. The resulting map crucially depends on
the user-defined BACK SIZE parameter, which defines the
size of the mesh. In particular, if the mesh size is too small,
roughly comparable to the source spatial extension, a back-
ground over-subtraction at the source edges may occur. The
larger the source, the more dramatic the over-subtraction.
On the other hand, if the mesh size is too large, the map
will fail to reproduce the small-scale variations of the back-
ground. To deal with this difficulty, the following series of
steps were implemented into the INAF-OAR pipeline: 1)
first, SExtractor was run to detect sources and to create
a mask where the detections are flagged-out; 2) the mask
was then transformed into a “broadened” version, where the
masked regions were “expanded” to flag-out residual flux
potentially present around the sources; 3) bad pixels and
artifacts were also masked out; 4) SExtractor was run again
with a relatively small mesh size and with the flagged-pixel
mask to create the background map. The small mesh size al-
lows us to follow the small-scale background variation, while
the relatively extended masked regions at the source posi-
tions prevent to over-subtract the background at the source
edges.
5.3 Astrometric Solution
The individual images present geometric distortions due to
various effects (optics distortions, atmospheric refraction,
chip rotations); therefore, astrometric calibration is needed
before co-adding the individual frames into a final stacked
mosaic image. The astrometric calibration was accomplished
through two separate steps: first, relative linear offsets be-
tween the individual exposures were derived through cross-
matching of the source catalogs created by SExtractor with
respect to a chosen reference frame; then, the absolute astro-
metric calibration was accomplished through cross-matching
onto a reference absolute astrometric catalog, such as the
United States Naval Observatory (USNO). The astromet-
ric solution was derived and stored into the image header.
Note that in the final stellar catalogues this solution will
be re-adjusted using a dense grid of stars in common with
PanSTARRS1 (PS1), see Sect. 6.1, below.
5.4 Noise and Image Co-addition
Noise maps were created from the individual images under
the assumption that the noise follows the Poisson statistics
of the counts measured in each pixel of the original frames.
To evaluate the noise, the scaling factors applied to each
pixel during processing (e.g. flat-fielding, exposure time nor-
malization, etc.) were taken into account. More specifically,
each noise map was computed according to the formula:
σ(x, y)i =
√
countsRAW (x, y)i
gaini
× 1
flat(x, y)i
(3)
where i = 1, 2, 3, 4 denotes the chip number, σ(x, y) is the
computed noise at the (x,y) position, countsRAW is the num-
ber of counts in the raw image, gain is the read-out-gain
(∼2), and flat is the value of the flat image used in the
pre-reduction.
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Figure 3. Montage showing portions of the LBC two-color (g and r) images for the 24 SSH galaxies already analysed. In each panel
we show the name of the galaxy and two bars showing the size of 1′′ (upper bar, blue in the electronic version of this paper) and 1 kpc
(lower bar, red). The physical size of each galaxy was computed adopting the distances listed in Table 1.
The individual processed images were resampled ac-
cording to the geometry described in a global header and
finally they were combined into g- and r-band stacked im-
ages making use of the SWarp software (Bertin et al. 2002).
The noise maps σ(x, y) were used to derive the weights
[wi(x, y) = 1/σ(x, y)
2] that enter in the weighted summation
of all individual frames.
As of today, image reduction has been completed for 24
targets in the SSH sample. Portions of their LBC g, r color
combined images are shown in Fig. 3.
6 PHOTOMETRY
Photometry of individual sources was performed on stacked
mosaic images using PSFEx (Bertin 2011). In practice PS-
FEx produces a numeric model of the Point Spread Function
(PSF) using the brightest isolated stars in each image. In the
present case, the spatial variation of the PSF was modeled
with a second order polynomial in the x and y image coor-
dinates. Then the derived model is used by SExtractor to
estimate PSF magnitudes by fitting the proper model PSF
to each detected source, according to its position in the im-
age.
The detection was made independently in both pass-
bands, using rms images as weight maps. We used a mexhat
filter and we considered as valid detections all the sources
having a flux level larger than 3σ above the background in
at least 3 adjacent pixels. Even if the sky was subtracted
from our images, we required it to be estimated locally, over
24 px thick annuli around each source, to remove any pos-
sible local residual of the sky subtraction. The catalogues
from the g and r images where matched and combined us-
ing the Catapack suite3, as done in Bellazzini et al. (2014,
2015). In our catalog we include the following parameters
provided by SExtractor and PSFEx: an identification num-
ber, the position of the sources derived with the PSF fitting,
both in image and world coordinates, aperture magnitudes
over a diameter of 2.5′′ and the associated uncertainties,
MAG BEST4, as a reasonable magnitude estimate for ex-
tended sources, the PSF magnitudes and the associated un-
certainties and χ2 value, the SExtractor quality flag and
3 http://davide2.bo.astro.it/ paolo/Main/CataPack.html
4 see Bertin & Arnouts (1996) and
http://astroa.physics.metu.edu.tr/MANUALS/sextractor/Guide2source extractor.pdf for
a detailed description of the meaning of this as well as other
output parameters of Sextractor.
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stellarity index, the axis ratio, the half-light radius and the
maximum surface brightness in mag/arcsec2.
We remark that, while our catalog contains useful in-
formation on extended sources, the overall data reduction
strategy has been optimized to get the best results and the
most reliable photometry for point sources (stars).
6.1 Astrometric and photometric calibration.
The astrometric and photometric calibration procedure fol-
lows strictly Bellazzini et al. (2015), where a detailed de-
scription is provided. The only difference is that here we use
catalogs extracted from PS1, instead of SDSS, to derive the
photometric zero points and the final astrometric solution.
We chose PS1 for homogeneity as all our targets are included
in the PS1 footprint, while this is not the case for the SDSS.
PS1 photometry is transformed into the SDSS photometric
system using the equations provided by Tonry et al. (2012).
The original astrometry embedded in the images and
transported into the original catalogs by SExtractor was
transformed into the PS1 system with third order polynomi-
als, using several hundreds of stars in common between our
catalogs and the corresponding PS1 catalogs. In all cases, we
carefully checked that the stars used to compute the trans-
formation were distributed all over the LBC field. The typ-
ical rms of the solutions is 6 0.1′′ in both directions.
The brightest well-measured stars in common were used
to fit the photometric zero points, once color terms were re-
moved from our instrumental magnitudes with Eq. A.1 of
Bellazzini et al. (2015). The range of magnitude in which
our deep photometry and PS1 photometry overlaps is lim-
ited on one side by saturation and on the other side by large
photometric errors near the PS1 limiting magnitude, respec-
tively. For this reason, the uncertainty on the zero points
may amount to ∼ 0.02 − 0.03 magnitudes (see Bellazzini
et al. 2015), the zero point in the r band being the most
uncertain of the two. However, in all the cases, the CMD
from the original PS1 matches very well the CMD from our
calibrated photometry.
In the following we will use final catalogues in which
are only sources having valid PSF magnitudes in both pass-
bands, and we will refer to PSF magnitudes, if not otherwise
stated.
6.2 Selection Cuts
In order to remove spurious detections from the final pho-
tometric catalogs, we applied selection cuts using some of
the SExtractor output quantities. In the first place, we per-
formed a selection based on the flag parameter, which pro-
vides a record of all possible problems encountered during
the photometry (see Holwerda 2005). In particular, flag=1
indicates the presence of bright nearby neighbours that may
have affected the source photometry, flag=2 indicates that
the source was originally blended to another object, and
higher flag values denote the presence of saturated pixels,
truncated objects, and corrupted or incomplete output data
or combination of these problems. Retaining all sources with
flag=0 provides the most conservative and cleanest selection
of well-measured, individual sources, and we adopted this se-
lection for the closest galaxies in our sample, at D<5 Mpc,
Figure 4. Our adopted selections on the photometric catalogs.
Left panels: PSF-fitting minus aperture magnitudes versus PSF
magnitudes in g (top) and r (bottom). Right panels: Half light
radius versus magnitude in both g and r. Black points correspond
to all stars with SExtractor flags equal to zero (i.e. well measured
sources, not blended to other objects or affected by the presence
of bright neighbours) while grey points denote the adopted selec-
tions as described in Sect. 6.2.
where we expect to resolve (depending also on the seeing and
on the stellar crowding) individual stars down to the RGB
level. On the other hand, we relaxed our constraints for more
distant galaxies and selected all sources with flag=0,1,2 in
order to at least retain bright young stars, located in re-
gions of active star formation and typically blended to other
sources. This is the only kind of selection that was applied
to targets at D>5 Mpc in our sample.
For targets at D<5 Mpc, further selection cuts on pa-
rameters related to the source’s size were applied to remove
extended background galaxies from the catalogs; an explo-
ration of all possible combinations of the SExtractor output
parameters indicates that selections on the distributions of
the PSF-fitting minus aperture magnitudes (g−gap, r−rap)
or of the half-light radius (rh(g, r)) provide the most effec-
tive removal of extended sources. As an illustrative example,
we show in Fig. 4 the selection adopted for UGC 12613 (Pe-
gasus dwarf galaxy). The left panels exhibit the distribution
of g − gap versus g and r − rap versus r for all objects with
flag(g, r)=0; the distribution resembles that of the sharpness
versus magnitude typically obtained from other widely-used
PSF-fitting photometric packages (e.g. Daophot, Stetson
1987). At bright magnitudes, the distribution peaks around
zero, as expected for point-like sources. An additional broad
peak at g − gap, r − rap∼0.2 is visible as well; the presence
of this feature is due extended objects (background galax-
ies, stellar clusters, blends of two or more stars), for which
the PSF does not provide a good description of the profile
and thus underestimates the source flux. At the opposite
extreme, toward faint magnitudes, low g − gap, r − rap val-
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Figure 5. LBT LBC g images of the five galaxies discussed in this paper: panel a), UGC 12613 (Pegasus dwarf irregular), at D=0.97
Mpc; panel b), NGC 2366, at D=3.2 Mpc; panel c), UGC 685, at D=4,7 Mpc; panel d), NGC 5477, at D=6.8 Mpc; panel e), UGC 4426,
at D=10.3 Mpc. The images show the entire observed field of views, with the display cuts chosen to emphasize the outer low surface
brightness regions. For each galaxy, the ellipse indicates the region within which we are able to identify, from the g, r CMD, stars
belonging to the galaxy; outside the ellipse, the CMD appears populated by only background galaxies and foreground MW stars. The
ellipse semi-major axis in kpc is also indicated.
ues indicate sizes smaller than the PSF, likely associated
to cosmic rays or detector’s artifacts. Following these con-
siderations, we adopted the selections provided by the grey
shaded area in the left panels of Fig. 4. The other SExtrac-
tor parameter that turns out useful to separate stars from
background galaxies is the half-light radius rh(g, r), whose
distribution as a function of magnitude in both bands is
shown in the right panels of Fig. 4. Extended objects re-
moved on the basis of the PSF minus aperture magnitude
distributions exhibit also large values of rh(g, r). A selection
in the rh(g) vs. g and rh(r) vs. r planes, as shown in the right
panels of Fig. 4, allows for a refined removal of the extended
sources that were not captured by the previous selections.
7 COLOR-MAGNITUDE DIAGRAMS
To analyse which kinds of populations have been resolved by
our photometry, we plotted the CMDs of all the SSH fields
and compared them with theoretical isochrones. In several
cases, the CMD of the total field of view is heavily con-
taminated by foreground Milky Way stars (specially if the
target is at low Galactic latitudes), either disc or halo ones,
and by background galaxies. For this reason, the CMDs of
more internal galactic regions are often more informative on
the evolutionary properties of the target galaxy than the
global ones. We have also checked if the CMD evolution-
ary sequences show trends with galacto-centric distance (i.e.,
gradients) or with other position parameters (i.e., signs of
perturbations).
We consider it useful to illustrate the kind of CMDs
that we obtain with SSH, and the corresponding analyses,
in this survey presentation paper. We thus show the CMDs
for a few representative cases in the SSH survey: UGC 12613,
NGC 2366, UGC 685, NGC 5477, and UGC 4426, located
at distances of ∼1, 3.2, 4.7, 6.8, and 10.3 Mpc, respectively
(see Fig. 5). In particular, UGC 12613, and UGC 4426 are
the closest and the most distant galaxy in our sample, re-
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Figure 6. r, g− r color-magnitude diagram (CMD) of UGC 12613 (Pegasus dwarf). a): total CMD over the whole 23′×23′ LBC field of
view. b): CMD of stars within an ellipse of ellipticity  = 0.6 and semi-major axis (SMA)=12′; overplotted are the PARSEC (Bressan et
al. 2012) isochrones in the SDSS photometric system for different ages, shifted to a distance of D=0.97 Mpc [(m-M)0=24.9] and corrected
for a foreground reddening of E(B-V)=0.06 (Schlafly & Finkbeiner 2011). The displayed Z=0.002 isochrones roughly correspond to the
metallicity measured in UGC 12613’ s H II regions (12+log(O/H)=7.9±0.1-0.2, i.e. ∼1/7 solar, Skillman et al. 1997); for ages >2 Gyr,
we also show the Z=0.001 (∼1/16 solar) metallicity models. For clarity, the thermally-pulsing asymptotic giant branch (AGB) models
have not been displayed in the plot. c): same as b), but with indicated the RGB and the RC/HB phase. d): CMD of stars at SMA> 12′,
mostly sampling background galaxies, and foreground MW halo and disc stars, as labelled in the plot.
spectively. These five illustrative examples provide a direct
grasp of our ability in resolving individual stars as a func-
tion of galaxy distance. Previous studies have demonstrated
that individual RGB stars can be resolved from the ground
in the least crowded galaxy outskirts up to distances of ∼4-
5 Mpc, provided that the seeing is as good as . 0.8′′(e.g
Bernard et al. 2012; Okamoto et al. 2015; Crnojevic´ et al.
2016). The CMDs obtained from our analysis confirm these
results, showing that RGB stars, tracing the underlying old
(>1-2 Gyr) stellar population, are reached up to targets at
D.5 Mpc, while only brighter stellar phases (young main
sequence stars, blue and red supergiants, asymptotic giant
branch stars) are accessible at larger distances.
A detailed description of the CMDs for all five targets
follows below.
7.1 UGC 12613
UGC 12613 (also known as the Pegasus dwarf irregular
galaxy), at a distance of D=0.97 Mpc (Jacobs et al. 2009), is
the closest target in our sample. Its final CMD, obtained af-
ter application of the selection cuts described in Section 6.2,
is shown in Fig. 6. There we display both the total CMD
(panel a) obtained from all sources detected in the 23′× 23′
LBC field of view, and two selections respectively for sources
within an elliptical contour with ellipticity  = 0.55, ma-
jor axis position angle PA= 125◦ (see Section 9 below) and
semi-major axis (SMA) = 12′ (panels b and c)5, as indicated
in Fig. 5, and for sources outside that region (panel d).
The external field at SMA> 12′ provides a representa-
tion of the foreground and background contamination affect-
ing our CMD of UGC 12613: as discussed in details by Bel-
lazzini et al. (2014), the narrow vertical feature at g−r ∼ 1.5
is due to the population of local M dwarf stars, while the
sparse band of stars extending from g − r ∼ 1, r ∼ 24 to
g − r ∼ 0.2, r ∼ 19 is made of main sequence stars at dif-
ferent distances in the MW halo. On the other hand, the
triangle-shaped clump of objects at 0 6 g − r 6 1, r > 24
is due to unresolved background galaxies. The presence of
these contaminants must be taken into account when dis-
cussing the CMD of the internal field.
The CMD of UGC 12613 at SMA< 12′ exhibits a well
defined and narrow (∆(g − r) ∼ 0.3 mag) red giant branch,
extending from g − r ∼ 1.5, r ∼ 22 down to g − r ∼ 0.6,
r ∼ 25, populated by stars older than 1 Gyr, and the fainter
sequence of the red clump (RC) or horizontal branch (HB)
5 Here we denote as SMA the elliptical radius as defined in Bel-
lazzini et al. (2011).
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Figure 7. CMDs of UGC 12613 selected in elliptical annuli of increasing semi-major axes (SMA), where 1 arcmin corresponds to ∼0.3
kpc at the galaxy distance. Overplotted are the RGB portions of the PARSEC (Bressan et al. 2012) isochrones in the SDSS photometric
system shifted to a distance of D=0.97 Mpc ((m-M)0=24.9) and corrected for a foreground reddening of E(B-V)=0.06. The dashed (red
in the electronic version of the paper) isochrones have metallicity Z=0.002, whilst the solid ones (blue) have Z=0.001. For clarity, the
thermally-pulsing AGB models have not been displayed in the plot.
at 0 . g − r . 1, 25 . r . 26, corresponding to low-mass
core helium burning stars, from a few Gyr to 13 Gyr old.
Younger stars are scarse in the CMD, likely because confined
to the most internal galaxy regions where severe crowding
hampers their detection. In panel b) of Fig. 6, the PARSEC
stellar isochrones (Bressan et al. 2012) have been superim-
posed to the observed CMD adopting a distance of D=0.97
Mpc ((m-M)0=24.93) from Jacobs et al. (2009) and correct-
ing for a foreground reddening of E(B-V)=0.06 (Schlafly
& Finkbeiner 2011). Internal reddening can be neglected
here, given that dust extinction is found to be modest in
low metallicity galaxies and typically confined to regions of
active star formation (see e.g. Draine et al. 2007; Madden
et al. 2013); indeed our photometry is strongly incomplete
toward the most central, star-forming regions, and the vast
majority of detected RGB or RC/HB stars reside in external,
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Figure 8. r, g − r CMD of NGC 2366. a): total CMD over the whole 23′×23′LBC field of view. b): CMD of stars within an elliptical
region of semi-major axis (SMA) = 10′; overplotted are the PARSEC (Bressan et al. 2012) isochrones in the SDSS photometric system for
different ages, shifted to a distance of D=3.2 Mpc [(m-M)0=27.5] and corrected for a foreground reddening of E(B-V)=0.03 (Schlafly &
Finkbeiner 2011). The displayed isochrones have a metallicity of Z=0.002, roughly consistent with the NGC 2366 H II regions’ metallicity
(Izotov et al. 1997; Noeske et al. 2000; James et al. 2016); for ages >2 Gyr, we also show the Z=0.0004 (∼1/40 solar) metallicity models.
For clarity, the thermally-pulsing AGB models have not been displayed in the plot. c): same as b), but with indicated some relevant
stellar evolutionary features: the solid blue line encircles the bulk of MS and post-MS stars at the hot edge of their core helium burning
phase; the magenta line encircles the bulk of asymptotic giant branch stars (AGB), while the red line the bulk of RGB stars. c): CMD
of stars at SMA> 10′, mostly sampling background galaxies, and foreground MW halo and disc stars, as labelled in the plot.
close to dust-free, galaxy zones. The displayed models cover
a wide age range from 10 Myr to 10 Gyr, and have a metal-
licity of Z=0.002, consistent with the metallicity measured
in UGC 12613’ s H II regions (12+log(O/H)=7.9±0.1-0.2,
i.e. ∼1/7 solar, Skillman et al. 1997). However, it is immedi-
ately clear that these models predict too red RGBs, indicat-
ing that the stars older than 1−2 Gyr are more metal poor
than the present-day interstellar medium. Indeed, models as
metal poor as Z=0.001 (∼1/16 solar metallicity), displayed
in Fig. 6 provide a more satisfactory fit to the RGB colors.
There has been some debate in the literature about the
distance of the Pegasus dwarf irregular (e.g., Aparicio 1994;
Gallagher et al. 1998), with the most recent estimates pro-
viding values in the range 0.9−1.2 Mpc (McConnachie et al.
2005; Pietrzyn´ski et al. 2010; McCall et al. 2012; Tully et al.
2013; McQuinn et al. 2017). Our dataset provides the most
reliable detection of the RGB tip so far, thanks to the large
number of measured stars, from which we derive a distance
modulus of (m−M)0 = 24.94, or D=0.97 Mpc, compatible
with the quoted range.
The behaviour of the stellar populations in UGC 12613
as a function of galacto-centric distance is illustrated in
Fig. 7, where we plot the CMDs for stars selected in elliptical
annuli of increasing semi-major axes (SMA). Overplotted to
the observed CMDs are the PARSEC stellar isochrones for
ages>2 Gyr, and for the Z=0.001 and Z=0.002 metallicities.
Stars younger than ∼1 Gyr are only detected within the in-
ternal SMA< 4′ region (<1.2 kpc), although we caution that
some of these sources may in fact be unresolved blends of
two or more individual stars or compact star clusters. The
RGB and HB/RC populations due to the galaxy can be rec-
ognized in the CMDs out to SMA∼ 12′ (∼3 kpc), while
at larger radii it is only possible to recognize in the CMD
the contribution due to background galaxies and MW stars.
No significant metallicity variation with increasing galacto-
centric distance is observed in the CMDs, and the RGB col-
ors are overall compatible with a Z=0.001 metallicity.
7.2 NGC 2366
The LBT/LBC image of NGC 2366, at a distance of D=3.2
Mpc, is shown in panel b) of Fig. 5, while its r, g − r CMD
is displayed in Fig. 8. As for the case of UGC 12613, we
show both the total CMD, obtained from all sources pho-
tometred in the LBC field of view, and two separate CMDs
corresponding to sources located inside and outside an el-
liptical region of semi-major axis (SMA) = 10′. Stellar evo-
lutionary features associated to the dwarf galaxy are not
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Figure 9. CMDs of NGC 2366 selected in elliptical annuli of increasing semi-major axes (SMA). Overplotted are the RGB portions of
the PARSEC (Bressan et al. 2012) isochrones in the SDSS photometric system shifted to a distance of D=3.2 Mpc ((m-M)0=27.5). The
dotted (red in the electronic version of the paper) isochrones have metallicity Z=0.002, whilst the solid ones (blue) have Z=0.0004. For
clarity, the thermally-pulsing AGB models have not been displayed in the plot.
identified in the external field CMD, which mostly samples
foreground MW stars and unresolved background galaxies,
and looks exactly like that in the outer field of view around
UGC 12613 (Fig. 6).
On the other hand, we recognize in the CMD at
SMA<10′ the typical evolutionary sequences associated to
young, intermediate-age, and old stellar populations. For
an easier visualization, the main stellar evolution phases
have been indicated in panel c) of Fig. 8, while the PAR-
SEC isochrones, shifted to a distance of D=3.2 Mpc [(m-
M)0=27.5] and corrected for a foreground reddening of E(B-
V)=0.03, have been superimposed on the observed CMD in
panel b). The plotted isochrones have ages from 10 Myr to 10
Gyr and metallicity Z=0.002, consistent with the ∼1/8 solar
metallicity derived in the giant H II region complex Mrk 71
(i.e., 12 + log(O/H)∼7.9−8.0; Izotov et al. 1997; Noeske
et al. 2000; James et al. 2016). The vertical blue plume at
g − r ∼ −0.2, r ∼> 21 encloses stars younger than 200 Myr
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Figure 10. r, g−r CMD of UGC 685. a): total CMD over the whole 23′×23′LBC field of view. b): CMD of stars within an elliptical region
of semi-major axis (SMA) = 4′, with overplotted the PARSEC isochrones shifted to a distance of D=4.7 Mpc [(m-M)0=28.4] and corrected
for a foreground reddening of E(B-V)=0.05. The displayed isochrones have a metallicity of Z=0.003, compatible with the H II regions
metallicity of 12 + log(O/H)=8.00 (van Zee, & Haynes 2006). For ages >2 Gyr, we also show the Z=0.0004 (∼1/40 solar) metallicity
models. c): same as b), but with no models superimposed. d) CMD of stars in an adjacent external field at 4′<SMA<6′containing
approximately the same number of stars as b), and mostly sampling background galaxies and MW foreground stars.
both in the main-sequence (MS) phase and at the hot edge
of the core helium burning - blue loop - phase (post-MS).
The red vertical plume at g−r ∼ 1.4, r ∼> 19 is populated by
young red supergiants (RSGs) at the brighter magnitudes,
and by intermediate-age asymptotic giant branch (AGB)
stars at fainter luminosities, although contamination from
foreground MW stars can be significant here. Sources of in-
termediate colours, g− r ∼ 0.5, and fainter than r ∼> 24, are
consistent with blue-loops of intermediate-mass stars, with
ages from ∼500 Myr to ∼100 Myr, but a major contam-
ination from background galaxies occurs in this region of
the CMD. Finally, the concentration of stars at g − r ∼ 1,
r ∼> 24.5 is the RGB of low-mass, old (age>1-2 Gyr) stars.
This RGB is shallower and much broader in color than that
observed in the closer Pegasus dwarf, reaching only down to
∼1.5 mag below the tip. This prevents a robust constraint
on the stellar metallicity, although it is reasonable to exclude
from panel b) of Fig. 8 a metallicity as high as Z=0.002.
In order to characterize the spatial behaviour of the
resolved stars in NGC 2366, we displayed in Fig. 9 the
CMDs for stars selected in elliptical annuli of increasing
semi-major axes. RGB stars can be identified in the CMDs
out to SMA∼10′(∼9.3 kpc), while at larger galacto-centric
distances we only recognize features due to MW foreground
stars and background galaxies. The lack of RGB stars in
the internal SMA<5′region is not real, but is due to the
severe crowding hampering the detection of faint stars. On
the other hand, the young population is concentrated to-
ward the internal galaxy regions, with stars younger than
∼50 Myr confined within SMA.4′. This result is consistent
with what is typically found for dIrrs and BCDs (see, e.g.,
Tosi et al. 2001; Annibali et al. 2013; Cignoni et al. 2013;
Sacchi et al. 2016). We also notice that the Z=0.002 mod-
els, while providing a satisfactory agreement with the CMD
of the young population, are always redder than the bulk
of the observed RGB stars. This suggests that stars older
than 1−2 Gyr are significantly metal-poorer than Z=0.002.
In particular, a metallicity as low as Z=0.0004 (∼1/40 so-
lar) appears consistent with both the RGB color and slope.
We are thus witnessing the presence of an age-metallicity
relation in NGC 2366, as usually found in galaxies, but not
an evident metallicity gradient in stars older than 1-2 Gyr.
7.3 UGC 685
The LBC image of UGC 685, at a distance D=4.7 Mpc, is
displayed in panel c) of Fig. 5, while its CMD is shown in
Fig. 10. This galaxy lies at the largest distance where we
expect to resolve individual RGB stars from the ground in
seeing-limited mode, and indeed the detection of the RGB
on the displayed total CMDs in panel a) may be challenging.
Nevertheless, panel b) and c) of Fig. 10, showing the CMD
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Figure 11. r, g − r CMD of NGC 5477. a): total CMD over the whole 23′×23′LBC field of view. b): CMD of stars within an elliptical
region of semi-major axis (SMA) = 2 ′centered on NGC 5477; overplotted are the PARSEC isochrones shifted to a distance of D=6.8 Mpc
[(m-M)0=29.2] and corrected for a foreground reddening of E(B-V)=0.01. The isochrones’ metallicity of Z=0.002 is consistent with the
H II region oxygen abundance of 12+log(O/H)=7.9 (Berg et al. 2012). c): CMD of a region including the spiral galaxy M 101, according
to the contour displayed in Fig. 5. d): CMD of stars outside the regions including NGC 5477 and M 101, mostly sampling background
galaxies, and foreground MW halo and disc stars, as labelled in the plot.
within an elliptical region of SMA=4′(∼5.4 kpc), demon-
strate that the RGB is detected in this case, thanks to a
seeing as good as ∼0.7′′. The detection appears quite con-
vincing once we compare the internal CMD with an adjacent
external field at 4′<SMA<6′containing approximately the
same number of stars: from the comparison of panel c) and
d), one can immediately see that a concentration of stars at
r ∼> 25, 1 . g − r . 1.8, compatible with the locus of the
RGB models, is present in the internal field but not in the
external adjacent region, and thus belongs to the galaxy.
We also notice that no young blue stars are present in
the CMD of UGC 685, likely because severely blended to
other sources and therefore removed by our selection crite-
ria. From HST CMDs it is however evident that a young
population is present in the innermost regions of this galaxy
(Sabbi et al. 2018). Cignoni et al. (2019) derived its SFH
through UV data from the HST Treasury program LEGUS
(Legacy Extra-Galactic UV Survey, Calzetti et al. 2015) and
showed that the galaxy has been quite actively forming stars
during the last ∼200 Myr.
7.4 NGC 5477
NGC 5477, at a distance of D=6.8 Mpc and fairly close to
M101, is shown in panel d) of Fig. 5, while its CMD is dis-
played in Fig. 11. The CMD, as explained in section 6.2,
results from less stringent selection cuts than in the case of
UGC 12613, NGC 2366 and UGC 685, since the photome-
try was shallower, because of poorer seeing conditions (1.1′′),
and we are in a situation where severe crowding prevents to
resolve individual stars; therefore we accept to retain bright
sources even if blended to other objects. Blends of two or
more stars can still be useful to trace the galaxy stellar pop-
ulation.
We notice that in the total CMD displayed in panel
a), the MW disk sequence appears less defined than in
Figs. 6,8,10; this is due to the contamination from bright
and extended red sequence galaxies, efficiently removed in
the previous examples by the selections in g − gap, r − rap
and rh(g, r), but retained in the photometric catalog of
NGC 5477. Panel b) and c) of Fig. 11 show the CMDs for
two regions centered on NGC 5477 and on M 101, according
to the elliptical contours displayed in Fig. 5. A compari-
son with stellar isochrones shifted to the galaxies’ distance
shows that we are far from reaching the RGB, with the tip
expected at r>26; on the other hand, both CMDs show a
population of blue plume stars (MS and post-MS stars) at
g − r ∼ −0.4, 21.5 . r . 25.5, with ages 650 Myr. The
presence of these stars in the photometric catalog is partic-
ularly striking once the total CMD in panel a) is compared
with the CMD in panel d) obtained from all sources outside
the regions including NGC 5477 and M 101.
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Figure 12. r, g − r CMD of UGC 4426. a): total CMD over the whole 23′×23′LBC field of view. b): CMD of stars within an elliptical
region of semi-major axis (SMA) = 2′(∼6 kpc) centered on UGC 4426, with overplotted the PARSEC isochrones shifted to a distance
of D=10.3 Mpc [(m-M)0=30.1] and corrected for a foreground reddening of E(B-V)=0.03. The isochrones’ metallicity of Z=0.0007 is
consistent with the H II region oxygen abundance of 12+log(O/H)=7.4 (Pustilnik et al. 2016). c): same as b), but with no models
superimposed. The regions sampling MS plus post MS stars and AGB stars are indicated on the CMD. d) CMD of stars in an adjacent
external field at 2’<SMA<3’ containing approximately the same number of stars as in b).
7.5 UGC 4426
UGC 4426, at D=10.3, is the most distant target in our sam-
ple. Its LBC image is shown in panel e) of Fig. 5, and its
CMD in Fig. 12. The total CMD in panel a) is dominated
by background galaxies and MW stars, and no noticeable
feature associated to UGC 4426 is visible. Panels b) and c)
display the CMD for an elliptical region of SMA62′centered
on UGC 4426, while panel d) displays the CMD for an adja-
cent outer field at 2′<SMA<3′containing approximately the
same number of stars as the internal field. Stellar isochrones,
superimposed to the CMD in panel b), show that the RGB
tip is expected at r∼27, about 1 mag below the faintest stars
resolved with our photometry. A comparison between panel
c) and d) reveals in UGC 4426 an excess of blue stars at
g − r ∼ −0.2, 23 . r . 26 compared to the background
field; these objects fall in the locus of young (age<100 Myr)
blue MS and post-MS stars. There is also a concentration of
red stars at g−r > 1, r > 26 consistent with AGB stars with
ages>500 Myr, but we can not exclude that these objects
are blends of fainter RGB stars.
8 STELLAR DENSITY MAPS
The CMDs presented in section 7 provide a powerful diag-
nostic to separate stars belonging to the target galaxies from
background and foreground contaminants. This technique
has been extensively used in the literature to identify low
surface brightness stellar streams, satellites, and extended
stellar halos in galaxies within the Local Group and beyond
(e.g., Belokurov et al. 2006; Bernard et al. 2012; Bonaca et
al. 2012; Beccari et al. 2014; Greggio et al. 2014; Ibata et
al. 2014; Martin et al. 2014; Roderick et al. 2015; Belokurov
& Koposov 2016; Crnojevic´ et al. 2016; Higgs et al. 2016;
Mackey et al. 2016; Tanaka et al. 2017; McConnachie et
al. 2018; Pucha et al. 2019). This approach allows to typi-
cally reach much fainter surface brightness structures than
from the integrated light, down to values as low as 31-35
mag arcsec−2, depending on the faintest evolutionary phase
sampled by the CMD.
In Figs. 13 through 17 we present stellar density maps
for UGC 12613, NGC 2366, UGC 685, NGC 5477, and
UGC 4426. The maps are based on RGB and HB/RC stars
down to r∼26 for UGC 12613, and on RGB stars down to
r∼26.3 and r∼26.5 for NGC 2366 and UGC 685, respectively,
corresponding to limits of ∼2 mag and ∼1.5 mag below the
RGB tip. The density maps of NGC 5477 and UGC 4426
were instead constructed from evolutionary phases younger
than the HB/RC or RGB, since the galaxies’ distances pre-
vent to reach even the latter. For NGC 5477, the stellar den-
sity map traces blue MS and post-MS stars, with ages.100
Myr. For UGC 4426, the photometry is quite deeper than
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Figure 13. Panel a): H I emission image of UGC 12613 from LITTLE THINGS (Hunter et al. 2012). Panel b): LBC image in g with
superimposed the H I contours for mass densities of ∼0.4, 0.8, 1.6, and 3.2 M pc−2 (see Iorio et al. 2017). Panel c): density map of
RGB plus HB/RC stars in number of stars per pixel (where the pixel size is ∼ 10′′ × 10′′) selected from the CMD of UGC 12613 (see
Fig. 6); superimposed are the H I contours. All three images are displayed on the same spatial scale, with a field of view of ∼ 23.5′×23.5′.
Figure 14. Panel a): H I emission image of NGC 2366 from LITTLE THINGS (Hunter et al. 2012). Panel b): LBC image in g with
superimposed the H I contours for mass densities of ∼0.6, 1.8, 5.4, and 16.2 M pc−2 (see Iorio et al. 2017). Panel c): density map
of blue MS and post MS stars with age .200 Myr selected within the box outlined in Fig. 8; the scale is in number of stars per pixel,
where the pixel size is ∼ 10′′ × 10′′. Superimposed are the H I contours. Panel d): Same as c) but for RGB stars, with ages>1-2 Gyr .
All four images are displayed on the same spatial scale, with a field of view of ∼ 23′ × 23′.
usual (reaching down to r∼27) and allowed us to use, be-
sides blue MS and post-MS stars, also AGB stars at magni-
tudes just brighter than the expected RGB tip location, with
ages>500 Myr. The displayed maps provide the density of
truly observed star counts, not corrected for incompleteness;
as a consequence, the maps of RGB and HB/RC stars ex-
hibit a “hole” in the central, more crowded galaxy regions,
due to loss of stars counts in the increasingly unresolved
stellar background. On the other hand, incompleteness is
less important in the external galaxy regions, allowing us to
trace the outer low surface brightness component.
The stellar maps were compared with H I data from
different sources: the Local Irregulars That Trace Lumi-
nosity Extremes, The H I Nearby Galaxy Survey (LITTLE
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Figure 15. Panel a): H I emission image of UGC 685 from the FIGGS survey (Begum et al. 2008), kindly provided by S. Roychowdhury.
Panel b): LBC image in g with superimposed the H I contours for mass densities of ∼0.1, 0.5, 1, 2, and 5 M pc−2. Panel c): Density
map of RGB stars in counts per pixel (pixel size = 10′′ × 10′′) with superimposed the H I contours. All four images are displayed on the
same spatial scale, with a field of view of ∼ 9′ × 9′.
Figure 16. Panel a): H I emission image of NGC 5477 from WHISP (Swaters et al. 2002). Panel b): LBC image in g with superimposed
the H I contours for mass densities of ∼1, 3, 4, 5, 8 and 11 M pc−2. Panel c): density map of young (age .100 Myr) MS and post
MS stars in number of stars per pixel (pixel size = 10′′ × 10′′) selected from the CMD of NGC 5477 (see Fig. 11); superimposed are the
H I contours. On the density map, we indicate the E Spur identified by Mihos et al. (2013) from deep optical images. All three images
are displayed on the same spatial scale, with a field of view of ∼ 25′ × 24′.
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Figure 17. Panel a): H I emission image of UGC 4426 from LITTLE THINGS (Hunter et al. 2012). Panel b): LBC image in g with
superimposed the H I contours for mass densities of ∼0.5, 1, 3, and 5 M pc−2. Panel c): density map of young (age .100 Myr) MS
and post MS stars in number of stars per pixel (where the pixel size is 10′′ × 10′′) selected from the CMD of UGC 4426 (see Fig. 12);
superimposed are the H I contours. Panel d): density map of sources with g − r & 1, r & 26, which are AGB stars with age>500 Myr
or blends of two or more fainter RGB stars. All three images are displayed on the same spatial scale, with a field of view of ∼ 9′ × 9′.
THINGS, Hunter et al. 2012) for UGC 12613, NGC 2366,
and UGC 4426; the Westerbork observations of neutral Hy-
drogen in Irregular and SPiral galaxies (WHISP, Swaters et
al. 2002) for NGC 5477; and the Faint Irregular Galaxies
GMRT Survey (FIGGS, Begum et al. 2008; Roychowdhury
et al. 2009) for UGC 685. For the LITTLE THINGS data, we
adopted the naturally weighted total intensity maps 6, that
are more sensitive to large scale structures than the robust
weighted maps. The WHISP data at a 30′′×30′′resolution
were obtained from the ASTRON http://wow.astron.nl web
site. The high sensitivity, low resolution (42′′× 40′′) FIGGS
data of UGC 685 were kindly provided to us by S. Roy-
chowdhury (see also Roychowdhury et al. 2009, for higher
resolution data of this galaxy). For each galaxy, we show
the H I emission image and the H I contours superimposed
both to the LBC g image and to the stellar density maps.
To produce H I contours in units of M/pc2, we used Eq.(3)
of Iorio et al. (2017).
Figs. 13, 14 and 15 show that, whenever the CMD
is deep enough to sample RGB or HB/RC stars, the old
(age>1-2 Gyr) stellar population appears extended at least
as much as the H I gas, and possibly even more; the case
of UGC 12613 is extreme in this sense, with the old stellar
component, detected down to a surface brightness limit of
∼31 mag arcsec−2 (see section 9), extending in projection as
far as twice the faintest H I contour at ∼0.4 M pc−2 (see
also McConnachie et al. 2007; Kniazev et al. 2009). Here the
difference between the star count and the H I extensions is
striking, and we investigated whether it could be due to a
limited sensitivity of the LITTLE THINGS, high resolution
H I data: a comparison of the H I contours displayed in
Fig. 13 with higher sensitivity VLA H I data from Young et
al. (2003) and with very deep Arecibo Legacy Fast ALFA
6 https://science.nrao.edu/science/surveys/littlethings/data
extragalactic H I survey (ALFALFA) data (Giovanelli et al.
2005; Kniazev et al. 2009) reveals comparable H I extensions,
indicating that the neutral gas is indeed much less extended
than the stellar component.
Young stars are observed to be less extended than the
old stellar component and than the H I; this is well shown
in the stellar maps obtained for NGC 2366 in Fig. 14, where
stars younger than ∼200 Myr are more centrally concen-
trated than the old stellar component, and do not reach
as far as the H I extension. This is a typical behavior of
the stellar populations in star-forming dwarfs, where the
youngest stellar populations preferentially clump toward the
most central galaxy regions, while old stars are homoge-
neously distributed and extend out to large galacto-centric
distances (see Tolstoy, Hill, & Tosi 2009, for a review).
In Figs. 16 and 17, the density maps for NGC 5477 and
UGC 4426 provide partial knowledge of the existing stellar
populations, since the CMD is far from reaching the locus of
old RGB stars. Nevertheless, it is possible to gather some in-
formation from the distribution of young blue MS and post
MS stars and of intermediate-age AGB stars. The density
map for the dwarf NGC 5477 and for a portion of the spi-
ral M 101 in Fig. 16 was derived from stars at 21. r .26,
g − r . −0.1, with ages.100 Myr (see Fig. 11). Young star
counts trace quite well the H I distribution. For M 101, we
recover the E spur, a low surface brightness feature extend-
ing from M 101 to East, previously identified by Mihos et
al. (2013) from deep optical images; this stellar feature spa-
tially corresponds to a similar morphology feature observed
in the H I. The H I emission map also shows a “bridge”
connecting NGC 5477 to M 101, however this has no visible
counterpart in our stellar density map.
As for UGC 4426, we provide in Fig. 17 maps both for
the young (age.100 Myr) stellar component and for an older
population composed of AGB stars with age>500 Myr plus
possible blends of older RGB stars (see the regions outlined
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on the CMD of Fig. 12 for the adopted selection). A com-
parison of the stellar density maps with the g-LBC and H I
emission images indicates that, while young stars agree with
the galaxy extension outlined by the optical image, the older
AGB component extends further away, reaching out to the
faintest H I contour at ∼0.5 M/pc2. This indicates that,
even for the most distant targets where individual RGB stars
can not be resolved from the ground, stellar photometry is a
valuable tool for tracing the galaxy stellar population down
to fainter surface brightness sensitivities than allowed by the
integrated light.
9 SURFACE BRIGHTNESS PROFILES
Integrated light profiles in g and r were derived through the
ellipse task in IRAF, which is based on the iterative method
described by Jedrzejewski (1987). The light intensity as a
function of the semi-major axis (SMA) was computed as
the mean flux within concentric elliptical annuli of fixed el-
lipticity ( = 1−b/a) and position angle (PA), where the el-
lipse parameters were derived iteratively by fitting isophotes
to the galaxy image in the r band. Bright foreground stars
and obvious bright background galaxies were masked out;
however, to account for the remaining fainter population
of background galaxies, we subtracted to the derived pro-
file a constant background level computed as the average
surface brightness in the external regions where the profile
flattens out. The final errors were calculated by summing
the intensity uncertainty provided by the ellipse task and
the standard deviation of the background in quadrature. As
an example, we show in Fig. 18 the r band profile computed
for UGC 12613 in elliptical annuli with ellipticity  = 0.55
and major axis position angle PA= 125◦; we consider the
integrated-light profile robust out to SMA∼ 6′, while we ob-
serve very large errors, mainly due to the dominant effect of
the background uncertainty, at larger distances.
Resolved star counts allow us to reach much outer
galaxy regions than the integrated light; for UGC 12613,
for instance, the stellar density map displayed in Fig. 13
shows that stars are observed out to SMA∼12′(∼3 kpc
at the galaxy’s distance of ∼0.97 Mpc). RGB stars trace
the distribution of the stellar populations older than 1-2
Gyr, and are typically considered good tracers of the stellar
mass (see e.g. Rys´ et al. 2011). In Fig. 18, we show the
RGB count profile computed for UGC 12613, after hav-
ing applied a vertical shift to match the integrated light
profile at 4.5′.SMA.6′where the two profiles overlap with
the same slope. To calculate the profile, we selected RGB
stars brighter than r = 24 in order to minimize incom-
pleteness effects toward the most central, crowded galaxy re-
gions. Indeed, the CMDs displayed in Fig. 7 for annuli of in-
creasing galacto-centric distances show that the UGC 12613
photometry reaches down to r∼27 at SMA>4′, and there-
fore it is reasonable to assume a ∼100% completeness for
counts brighter than r = 24 at these galacto-centric dis-
tances. On the other hand, the RGB counts are highly in-
complete within the internal SMA<4′region, which causes a
flattening and drop of the profile toward the galaxy center.
The star count profile displayed in Fig. 18 was background-
subtracted; in fact, to account for the contamination from
unresolved background galaxies to the RGB counts, we sub-
Figure 18. Surface brightness profile µ(r) in the r band for
UGC 12613 (Pegasus dwarf irregular). The profile was calcu-
lated in elliptical annuli of increasing semi-major axis (SMA).
Red open symbols denote the integrated light profile obtained
through the IRAF ellipse task, while full symbols correspond to
the profile from RGB star counts brighter than r=24. A vertical
shift was applied to the RGB count profile to match it to the in-
tegrated light profile at 4.5′.SMA.6′. Both integrated-light and
star-count profiles are background subtracted (see section 9 for
details).
tracted to the profile a constant level computed from the
counts at SMA>12′, where the stellar density map shows
no significant signal from the galaxy stellar population.
The combined integrated light/ RGB count profile indi-
cates that we reach a surface brightness sensitivity at least
as faint as µ(r) ∼ 31 mag arcsec−2 for UGC 12613; in-
deed, fainter HB/RC stars may allow for even deeper surface
brightness limits in the most external regions. In subsequent
papers where we will present a dedicated study of the surface
brightness profiles for the galaxies in the SSH sample.
9.1 Sensitivity for unresolved structures: the
example of an extreme UDG
Our deep wide field images capture several interesting ob-
jects lying in the background of our target galaxies, like,
e.g., interacting galaxies, galaxy clusters and groups, low
surface brightness (SB) galaxies etc. Here we briefly report
on the serendipitous discovery of a very low SB galaxy, an
Ultra Diffuse Galaxy (UDG, see van Dokkum et al. 2015a;
Koda et al. 2015), in the background of UGC 1281, as it
may serve as an example of the sensitivity of the survey to
low SB structures not resolved into stars.
Zoomed images in g and r bands of the newly discov-
ered galaxy, that we dub SSH-UDG 1 (hereafter UDG 1,
for brevity), are shown in Fig. 19. The system appears as
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Table 2. Main properties of SSH-UDG 1
quantity value units
RA 27.46218 deg
Dec +32.62831 deg
re 11.3a arcsec
E(B-V) 0.039 mag
gint,0 21.06± 0.1 mag
rint,0 20.77± 0.1 mag
Vint,0 20.89± 0.1b mag
All the magnitudes are corrected for reddening.
The subscript int, 0 denotes integrated magnitudes, corrected for
extinction.
a Average of the fits to the r and g band profiles.
b Obtained using the transformations by Lupton (2005)7.
a slightly irregular and fuzzy, elongated light cloud at the
center of the images.
We used Galfit (Peng et al. 2002) to estimate the posi-
tion of the center, the axis ratio (a
b
' 0.6) and the position
angle (PA= 24◦). Then, assuming these values, we derived
the SB profile in both passbands with IRAF/ellipse. The
two profiles are shown in Fig. 20 while the main properties
of the system are listed in Tab. 2. The main body of the
galaxy is well fitted by a Se´rsic (1968) profile with Se´rsic
index lower than unity (n=0.3), as typical for UDGs (Koda
et al. 2015), and an extremely low central surface bright-
ness (µ(0) > 27.0 mag/arcsec2 in both bands). A central
cusp, fitted with an exponential profile in Fig. 20, suggests
the possible presence of a central stellar nucleus, that is not
unusual in this kind of galaxies (Koda et al. 2015). The
integrated color is typical of blue UDGs, that are more fre-
quently found in low density environments (e.g., field, groups
Roman & Trujillo 2017; Bellazzini et al. 2017). Fig. 20 shows
that we are able to reach a surface brightness as faint as
' 31.0 mag/arcsec2 not only by star counts in the outskirts
of (relatively) nearby galaxies, as shown above, but also trac-
ing diffuse unresolved light in more distant systems.
UDG 1 is projected unto a substructure of many tens
of galaxies with 0.03 6 z 6 0.04, likely associated with the
UGC 1306 group. Since UDGs are preferentially found in
clusters and groups of galaxies, it is worth considering the
hypothesis that also UDG 1 is a member of this group.
Tully et al. (2013) provide an estimate of the distance to
UGC 1306 itself of D = 81.3+16.4−13.7 Mpc, using the Tully-
Fisher relation. Adopting the same distance for UDG 1 we
would obtain MV ' −13.7 and re ' 4.4 kpc. On the other
hand, if we assume the redshift of the likely group mem-
ber that is the nearest, in projection, to UDG 1 (2MASXI
J0149427+323730, z=0.038361, according to SIMBAD8),
and H0 = 75.0 km s
−1 Mpc−1, we obtain D=153 Mpc.
At this distance UDG 1 would have MV ' −15.0 and
re ' 8.4 kpc. In any case UDG 1 appears as extremely dif-
fuse. Its central (and effective) surface brightness and Se´rsic
index are at the lower limit of the distribution of known
UDGs (Koda et al. 2015). Its discovery, just by visual inspec-
tion of the images, clearly illustrates the high sensitivity of
the SSH images to very low SB galaxies and sub-structures.
8 http://simbad.u-strasbg.fr/simbad/
Due to its low surface brightness, UDG 1 remains unde-
tected in existing all-sky or large-scale public surveys that
cover its field of view (such as the Sloan Digital Sky Sur-
vey, the All Wide-field Infrared Survey Explorer program,
and the Canada-France-Hawaii Telescope MegaCam Legacy
survey), which are much shallower than SSH.
10 DISCUSSION
The stellar density maps derived from RGB and HB/RC
counts for UGC 12613, NGC 2366 and UGC 685 in
Figs 13, 14, and 15 provide evidence for extended low
surface brightness stellar envelopes around the three dwarf
galaxies, reaching as far out as, or even beyond, the observed
H I disk. These extended envelopes consist of stars at least
1−2 Gyr old, while young stars are found to be confined
toward the innermost galaxy regions, a typical behavior ob-
served in star-forming dwarfs (see Tolstoy, Hill, & Tosi 2009,
for a review).
From a theoretical point of view, the disruption of
smaller merging galaxies onto a more massive host has been
proposed as a possible mechanism for the origin of extended
stellar envelopes. According to Pen˜arrubia et al. (2006), the
emergence of extended exponential discs is a generic fea-
ture of the disruption of satellites on coplanar orbits. Some
simulations show that minor merger events are typically re-
sponsible for depositing stellar mass in the galaxy outskirts,
whereas relatively massive satellites tend to deposit their
stars further inside the host galaxy (e.g. Amorisco 2017).
According to Karademir et al. (2019), mini-mergers, with
mass ratios lower than 1:10, can lead to an increase of the
disc size, depending also on the infall direction of the satel-
lite relative to the host disc, without significantly disturbing
the center. These mechanisms offer a possible explanation
for the extended low surface brightness stellar components
observed in the SSH dwarfs.
The presence of an extended stellar envelope is partic-
ularly striking in the case of UGC 12613 (Pegasus dwarf
irregular) where the deep LBT data allow us to trace a low
surface brightness (µ ∼> 31 mag arcsec−2) population of old
RGB and RC/HB stars extending out to∼6 times the galaxy
half light radius (re = 2.1
′, McConnachie 2012), and largely
beyond the observed H I disk. McConnachie et al. (2007) no-
ticed a “cometary” appearance of the H I as opposed to a
regular, elliptical distribution of the stars in Pegasus, and
proposed ram pressure stripping as a possible explanation.
In the case of NGC 2366, support in favor of a merging
event comes from the comparison between the H I emission
and the starlight distribution in the innermost regions. In
fact, the g−r−H I color-combined image displayed in panel
a) of Fig. 21 highlights the presence of two ridges of H I
running parallel to the semi-major axis that if de-projected
appear as a large ring (Hunter et al. 2001); the H I ring con-
nects the central star forming regions of NGC 2366 with
the supergiant H II complex NGC 2363, providing hints
that NGC 2363 is a gas-rich satellite being accreted by
NGC 2366 (see also Drissen et al. 2000). This scenario is
further supported by H I kinematics: NGC 2366 has an ex-
tended regularly-rotating H I disk, however a strong kine-
matic distortion is detected to the North-West (Oh et al.
2008; Lelli et al. 2014b; Iorio et al. 2017), and a steep ve-
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Figure 19. g band (left panel) and r band (right panel) images of the newly discovered Ultra Diffuse Galaxy SSH-UDG 1. The galaxy
is highlighted by an ellipse of semi-major axis a=20.0′′, axis ratio b/a = 0.6 and position angle PA=24.0◦ in the left panel, and by an
arrow in the right panel. North is up and East is to the left.
Figure 20. Surface brightness profiles of SSH-UDG 1 in g band
(upper panel) and r band (lower panel). The red lines are the
best-fit Se´rsic (1968) models for the body of the galaxy, the blue
lines are exponential profiles aimed at reproducing the inner cusp
in the profile (re = 2.7′′ and re = 1.3′′ for the g and r band
profiles, respectively.).
locity gradient is observed at the position of NGC 2363,
suggesting that the NGC 2363/NGC 2366 system is an on-
going minor merger (Lelli et al. 2014b). On our deep LBC
image, a stellar arc-like feature is identified ∼5 kpc away
from the galaxy center (panel b)). Then, faint RGB stars in
panel c) trace a low surface-brightness component extending
beyond structures visible in the optical image, toward the
North-East direction and along the semi-major axis of the
NGC 2366 disc; this faint component appears itself struc-
tured into arc-like features (see panel d) of Fig. 14 and panel
c) of Fig.21). We speculate that this extended stellar enve-
lope may have been produced by the accretion of NGC 2363
or of other satellites and a dynamical analysis of the system
is currently ongoing.
Further interesting features that are worth discussing
because potentially associated to interaction, merging, or
accretion events are observed for UGC 685 and NGC 5477.
Panel a) of Fig. 22 displays our deep LBC image of UGC 685
highlighting a thin “stream” of stars running parallel to the
galaxy major axis. The stream falls into the field of view
of HST ACS data from the LEGUS survey (Calzetti et al.
2015) and is resolved into individual stars there (panel b)
of Fig. 22). Its recent SFH from the UV data from the LE-
GUS survey has been derived by Cignoni et al. (2019). In
order to get insights into its stellar populations, we inspected
F606W−F814W vs. F814W CMDs constructed from the
photometric catalog of Sabbi et al. (2018), selected for a
region containing the stream-like feature and for an adja-
cent control-field. The derived CMDs are displayed in pan-
els c) and d) of Fig. 22, and indicate that both fields are
dominated by a population of old (>1-2 Gyr) RGB stars;
however, we recognize in the stream a sizeable population
of younger blue loop stars with ages of ∼100 -200 Myr, not
present in the control field. We tested the robustness of this
result by checking the absence of this younger population
in other similar control-fields, not finding any. We also visu-
ally inspected the appearance of these objects on the HST
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Figure 21. Panel a: g-r-H I color-combined image of NGC 2366 highlighting the presence of two parallel ridges of H I that appear to
connect NGC 2366 to the giant H II region complex NGC 2363. Panel b: Deep LBC g image with the display cuts chosen to emphasize
a low surface brightness arc. Panel c: distribution of RGB stars extending out to much larger galacto-centric distances than visible from
the LBC image. All images have been displayed on the same spatial scale. North is up and East is left.
Figure 22. Panel a): g,r color-combined LBC image of UGC 685
highlighting the thin stream running parallel to the galaxy major
axis. The image field of view is ∼1.8×1.8 arcmin2. Panel b): HST
ACS image in F606W, where individual stars are resolved. The
image is displayed on the same spatial scale of the LBC image,
with identified the region corresponding to the stream. Bottom
panels: CMDs for the stream (c) and for an adjacent control-
field (d) with superimposed the PARSEC stellar isochrones for
Z=0.004 and for different ages, as indicated in the legend. The
stream ’s CMD exhibits a 100−200 Myr old blue-loops population
not present in the control field. CMDs were constructed from the
LEGUS public photometric catalog (Sabbi et al. 2018).
images to exclude that they could be in fact background
galaxies, star clusters, or blends of two or more stars.
Finally, we show in panel a) of Fig. 23 our deep LBC g,
r color-combined image of NGC 5477, where we observe a
“spur” of blue stars departing from the galaxy and extend-
ing toward East. The spur is well visible also in GALEX
images (panel b)), with rather blue FUV−NUV colors com-
pared to the galaxy body, suggesting a very young stellar
population. The fact that some Hα emission is detected at
its position (panel c)) indicates that star formation is still
active there. A portion of the spur falls within the LEGUS
data of NGC 5477 and is resolved into stars younger than 60
Myr; this confirms a spatial progression of the star formation
toward the East direction.
11 CONCLUSIONS
SSH is an LBT strategic long-term program imaging 45 late-
type dwarf galaxies in g and r, with the aim of searching for
satellites and/or evidences of accretion/perturbation events
down to the smallest mass scales. With SSH we plan to
characterise the frequency and the properties of streams and
sub-structures around dwarfs outside the Local Group (ex-
cept for one target, UGC 12613, which is inside), but close
enough (namely, closer than 11 Mpc) in the Local Universe
to allow us to study their resolved stellar populations with
LBT or with HST. The properties of our sample galaxies
make SSH complementary to any other existing survey of
similar aim we are aware of.
The sample galaxies have been chosen to study the
properties of the satellites/streams as a function of the
galaxy mass and environment. We expect our database to
become a reference set for further studies of these objects,
both with follow-up observations (either deeper imaging
with more powerful instruments, or ad-hoc spectroscopy)
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Figure 23. Panel a): g,r color-combined LBC image of NGC 5477 showing a “spur” of blue stars extending from the galaxy toward East.
The image field of view is ∼3.5×3.5 arcmin2. Panel b): On the same scale, GALEX FUV, NUV color-combined image of NGC 5477,
where the spur exhibits blue FUV−NUV colors. Panel c): Hα image of NGC 5477 from the Local Volume Legacy (LVL) survey (Dale
et al. 2009), showing (faint) emission at the spur’s position.
and with hydro-dynamical and N-body modelling of their
components.
So far, 40 galaxies in SSH have been observed, while
data analysis has been completed for about half of the target
sample (24 galaxies). In this presentation paper, we describe
the goal of the survey, the sample properties, the image ac-
quisition, and our strategies for both the data reduction and
the corresponding analyses of the results. We present a few
representative cases to illustrate the kind of analyses that we
will apply to all the 45 targets and the expected results. In
particular, the analysis presented here indicates that we are
reaching, for the closets targets which can be resolved into
individual stars, a surface brightness limit at least as faint
as µ(r) ∼ 31 mag arcsec−2. This sensitivity provides direct
evidence for the presence of extended low surface bright-
ness stellar envelopes around the dwarfs, reaching farther
out than traced by the integrated light. These stellar en-
velopes extend as far out as, or even beyond, the observed
H I disk. Stellar streams, arcs, and peculiar features are
detected for some of the dwarfs, indicating possible pertur-
bation, accretion, or merging events.
We also report on the discovery of an extreme case of
Ultra Diffuse Galaxy (µg(0) = 27.9 mag/arcsec
2) in the
background of one of our targets, to illustrate the power
of the survey in revealing extremely low surface brightness
systems.
When SSH is completed, we will present its overall re-
sults in a concluding paper. Particularly interesting cases
will be presented individually.
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